In this study, we performed some filters to highlight geological structures and/or features which are found in the igneous rocks, between the latitudes 9˚45'N to 10˚45'N and longitudes 13˚15'E to 14˚30'E. The application of the first vertical derivative (FVD) and the horizontal gradient magnitude (HGM) on a total magnetic data over the study area has led to put in evidence: 1) geological features as geological boundaries, faults, dykes, folds on the FVD map; 2) abundant aeromagnetic lineaments probably fractures, dykes and contacts, exhibit a conjugate relationship suggesting a near NE and NW tectonic trends; 3) existence of a possible prominent near E-W compression, characterized by a possible dextral displacement of geological formations by the shear movements; 4) and the magnetic signature of the country rocks.
Introduction
In principle, magnetic surveying is similar to gravity i.e. it deals with potential fields. But, there are some fundamental differences. Magnetic measurements are simple to make and reduce, but very complicated to understand and interpret [1] . Magnetic surveying is the oldest method of geophysical prospecting, but has been relegated to a method of minor importance because of the advent of seismic reflection surveying in the last few decades. The great problem involved in interpreting magnetic anomalies greatly limits their use [1] . Magnetic survey is mainly used to detect igneous rocks, folds and faults, delineate magnetic lineaments and, highlight their relationships to tectonic fabric in geological studies and mineral exploration [2] . The target is the depth to basement (i.e. thicknesses of sedimentary sequences, igneous bodies). Recently, there has been resurgence in interest in the magnetic surveying because of the advent of extremely high resolution surveys that can reveal structures in, sedimentary sequences [1] . Based on that, many types of images can be produced from magnetic data sets. Different images enhance different features that enable to make full use of the data [3] . Conventionally, many filters can be used to improve magnetic data interpretation. Among these are the first vertical derivative and horizontal gradient magnitude filters. Since 1960, many geophysical studies have been carried out in the northern Cameroon. The first aeromagnetic maps were compiled by [6] in the aim to draw the mining and geological maps of the Country. The gravity studies done by [7] and [8] , have shown that in the region, there are two major gravity anomaly families with the NE-SW negative anomaly which may coincide with a Quaternary sedimentary cover. The gravity data from [9] have been used later by [10] to infer the structure of the Goulfey-Tourba basin. Recently, other geophysical work realised by [11] shown the inter-locked Logone Birni Basin (LBB) tectonic and geophysical models. [11] results have confirmed former basic knowledge on the tectonic and geophysical models of the West and Central African Rift System, but also offer new insights on the peculiar tectonic conditions in the LBB. Despite all these previous studies, the geological knowledge of northern Cameroon specifically, the studied area has to be improved.
The purpose of this paper is to use first vertical derivative (FVD) and horizontal gradient magnitude (HGM) filters on the aeromagnetic data in the northern Cameroon, in order to identify the main magnetic features (buried faults, folds, intrusions, etc.) and interpret them within a regional geological context. Qualitative analyses of various aeromagnetic maps from the above filtering techniques will be playing a key role in the determination of the structure of the subsurface.
Geological Setting of the Study Area
The lithology of the study area ( Figure 2 ) is made up of: 1) Neoproterozoic medium-to high-grade schists and gneisses of the Poli-Lere group that were formed in a magmatic arc context [12] ; 2) Pan-African pre-, syn-and post-tectonic calcalkaline granitoids [4] [13]; 3) post-tectonic alkaline granitoids comprising mafic and felsic dykes cross-cut by intrusive granites and syenites; followed by the formation of 4) several basins made up of unmetamorphosed sediments and volcanic rocks [14] [15] . Isotope dating indicates that most of the gneissic and granitic rocks of this domain are Neoproterozoic in age with minor Palaeoproterozoic contribution, contrasting with the abundant Palaeoproterozoic formations that characterize the Adamawa-Yade domain to the south of the study area [16] .
Structurally, two deformation phases ( Figure 2 ) followed by late-orogenic shear zone are recorded in the NW-Cameroon domain, particularly in the Poli area [14] [17] [18] . The first deformation is characterized by a flat-lying foliation associated with isoclinal folds. Stretching lineation's are locally well preserved and the second deformation is marked by vertical and NNE-trending foliations, and by tight and upright folds [19] . In the Poli area, synmigmatitic N80-N110 senestral shear zones accompanied this second event [20] . 
Materials and Methods

Aeromagnetic Data
The key component of this study involved image enhancement of existing aero- Field) at each station. The TMI anomaly data were then upward continued to a height of a mean clearance of 2 km before they were merged into a unified digital grid. The reduction to the equator method is applied. In this case, the magnetic field and magnetization will be horizontal as most of the magnetized sources [21] [22] . The Geosoft package software v8.0 was used to reduce the field to equator (RTE) transformation of an anomaly in the Fourier domain. The inclination and declination angles of the ambient field were taken as −0.98˚ and −3.95˚, at the date of January 1970 according to IGRF.
Methods
Several filtering techniques can be performed in the frequency domain. In this work, two main advanced techniques are used to analyse the magnetic data as a guide for structural interpretation: the first vertical derivative (FVD) and the horizontal gradient magnitude (HGM methods) [23] [24] [25] . These methods have proven to be efficient tools to map the location of magnetic structures such as faults and contacts [21] [22].
First Vertical Derivative (FVD)
The vertical gradient operator is applied often to magnetic data to sharpen the edges of anomalies and other features [6] [22] [26] . It is more responsible to local influences than broad or regional effects and therefore, tends to give sharper picture than the map of the total magnetic field. Thus, the smaller anomalies are more readily apparent in area of strong regional disturbances [22] . The algorithm is given by [27] as follows:
, ,
where n is the order of the derivative.
Horizontal Gradient Magnitude (HGM)
Horizontal gradient is a simple approach to locate linear structures such as contacts and faults from potential field data. For magnetic field
This function peak over magnetic contacts under certain assumptions: 1) the magnetic field and source magnetization are vertical, 2) the contact is vertical and 3) the sources are thick [28] . Violation of the first two assumption leads to shift of the peaks away from the contact location. Violation of the third assumption leads to secondary peaks parallel to the contacts. In order to partially satisfy the first two assumptions, the method was applied to the regional component of the reduced to the equator magnetic data. Once the field has been reduced to the equator, the regional magnetic field will be horizontal and most of the source magnetizations will be horizontal. Crests in the horizontal gradient magnitude grid can be located by passing a small 3' by 3' window over the HGM grid and searching for maxima [25] . When these assumptions are satisfied, the method is effective in detecting lineaments that may correspond to basement faults and contacts. Moreover, the method is less susceptible to noise in the data, because it only requires calculation of the two first-order horizontal derivatives of the magnetic field.
Because the FVD and HGM methods require the calculation of the first order derivatives of the magnetic field, they are susceptible to increase noise in the data. In this paper, the two methods are applied to the upward continued data in order to reduce the noise and improve the signal-to-noise ratio.
The preparation of data set for the current study consisted in: 1) subtracting the IGRF from the total field data, to obtain the total magnetic intensity (TMI) anomaly field; 2) applying the upward continuation at 2 km height (to the TMI map) to improve a signal to noise ratio; 3) applying the reduction to the magnetic equator (RTE) transformation (leading to RTE map) in order to move magnetic anomalies above their causative sources [29] [30] . The processing is done on the Oasis montaj 8.0 platform and the IGRF being considered on January 1st, 1970 (providing an inclination I = −0.98˚ and a declination D = −3.95˚) over the study area.
Results and Analysis
Generally, qualitative interpretation is done by visual inspection of maps, while the quantitative interpretation is performed using analytical methods. In this work, two main techniques were applied (for qualitative interpretation) as an aid to structural interpretation or mapping, from airborne magnetic data for the detection and location of subsurface structures or magnetic source edges.
The Total Magnetic Intensity Anomaly Reduced to the Equator (RTE) Map
The Total magnetic intensity anomaly reduced to equator (RTE) map ( Figure 3 ) Figure 3 . Total magnetic intensity reduced to equator map.
is broadly characterized by anomaly values ranging from about −83 nT to 300
nT. The RTE map exhibits some different types of positive (magenta and red colours) and negative (light and dark blue colours) magnetic anomalies. It reveals prominent negative features with circular and elongated shapes, distributed at the northern, central part of the study area, along with small sized ones in the southern parts. The northern part of the study area exhibits a major positive high amplitude magnetic anomaly, in positive background (green to yellow colour) covering the area from west to east, with irregular shapes. Some isolated, circular and elongated negative magnetic anomalies occur within this northern part. The vast negative magnetic anomaly located at Mindif reaches −83 nT is directly bounded by steep positive gradients in the south. The observed positive magnetic anomalies at Mindif neighbourhoods may be due to the presence of some shallow and/or deep sources.
The central part of the area under study is located between Moutouroua and Mboursou latitudes. Herein, some elliptic magnetic anomalies (either positive or negative) are disseminated throughout in a positive background (green). A vast negative magnetic anomaly striking ENE-WSW to E-W covers the middle of this area part. An isolated and elongated positive anomaly also located in the centre of the map, follows the E-W direction. These isolated circular and elongated positive (reddish) magnetic anomalies can be interpreted as intrusions of magnetic bodies through the basement.
The southern part, finally, located below the Mboursou latitude essentially, displays isolated magnetic highs and lows (Guider) within a positive background (green to yellow). This part is dominated by ENE-WSW to E-W foliation trend reported by magnetic patterns. Some positive anomalies are recorded north of Guider, and in Babouri-Figuil, while negative anomalies are recorded east of Dourbey and at Guider. Around Guider, there is a steep positive magnetic gradient, which could be due to surface structures effects.
The map shows three main types of magnetic anomalies: high (red to pink), moderate (green to yellow) or low (light-green to blue) amplitude anomalies. The high amplitude magnetic anomalies (red to pink) dominate the northern part of the study area, displaying a wide span south bounded by the MousgoyMoutouroua axis. Besides, several isolated and elongated high amplitude anomalies are located at Figuil, Babouri, near Kaele and Guider. The anomalies in the northern part may have been caused by deep sources. These anomalies exhibit patterns of E-W trends probably caused by the movements of Pan African formations. The low amplitude magnetic anomalies are elliptic and curveshaped. They occur at the centre of the study area, with some isolated occurrences at Mindif, Mboursou, Guider and south-east of Babouri. These anomalies may be due to rock formations constituted by very low susceptibility minerals, probably sedimentary formations or deposits. Therefore, the areas displaying these low magnetic anomalies can be assimilated to sedimentary zones (or basins). The moderate amplitude magnetic anomalies (greenish to yellow) cover the whole map. It is ascribed as corresponding to the magnetic background sig-nature which is assumed to characterise the country rocks.
A global look of the entire map (Figure 3) shows that there are negative magnetic anomalies observed at the north-eastern and the central part; these two anomalies could be considered as a unique anomaly domain split into two parts by a broad E-W trend. This map also reveals some magnetic discontinuities or disruptions highlighted magnetic facies. The discontinuities or disruptions can be correlated to faults or folding, probably buried. In addition, step gradients observed between magnetic facies can represent contacts of different formations.
The First Vertical Derivative (FVD) Map
The first vertical derivative (FVD) operator is used for image enhancement. Ap- 
The Horizontal Gradient Magnitude (HGM) Map
The horizontal gradient filtering was performed in the frequency domain using In order to clearly highlight the contacts direction shown on the HGM map, the maxima of the HGM has been computed using the [25] . The application of this technique to the horizontal gradient magnitude (HGM) map shows that the local maxima of the horizontal gradients form narrow lines above sudden changes of susceptibility [21] [22] . Figure 6 shows the concern map of HGM maxima. This map reveals structural features such as folds and faults affecting the basement. The different structural features were recognised by differences in the patterns (such as general orientation and arrangement) of faults inferred [31] . The horizontal gradient magnitude suggests that some faults have significant displacement at depth. The presence of linear horizontal gradient magnitude ridges that coincide in some places with the linear topographic scarp provides support for a tectonic origin [32] . The narrowness of the horizontal gradient magnitude ridges advocates near-surface and near-vertical boundaries for the magnetic sources [32] ; their linearity supports a fault contact rather than a facies change [31] . As shown on the FVD map (Figure 4) , the horizontal gradient magnitude also shows many magnetic lineaments interpreted as faults or magnetic intrusive bodies. The major lineaments trends are ENE-WSW and E-W though several lineaments follow WNW-ESE and N-S directions.
The [25] approach is also applied to the first vertical derivative (FVD) map to generate FVD peaks, which were stacked to the HGM peaks from Figure 6 and led to a unique map (Figure 7 ) displaying both the two sets of contact locations (FVD peaks in green and HGM peaks in red). 
Lineaments and Integrated Structural Map
Lineaments and spatial patterns of geophysical attributes are the most important information that can be obtained from magnetic interpretation. Steep features and straight faults are commonly expressed as subtle potential-field lineaments this expression can be gradient zones, alignments of separate local anomalies of various types and shapes, aligned breaks or discontinuities in the anomaly pattern, and so on [33] . Many large magnetic anomalies represent the ductile, ancient, healed basement structures obscuring the desirable subtle features [33] .
Alignment of anomalies in geophysical maps provides crucial information for structural analysis. The interpreted structural map (Figure 8 ) highlights the NE-SW and NW-SE regional trends, which control the subsurface structure beneath the study area.
On the basis of the intensity range, character and shape of the magnetic gradient responses signaled on different maps (HGM and FVD maps), it appears clearly that they are essentially characterized by magnetic gradient high and low values on a moderate magnetic background (green to yellow) which correspond to the magnetic signature of the country rocks.
Since various directions are exhibited by faults, and probable dikes highlighted from the outputs of the magnetic products used for the current issue, we can easily state that, the study area recorded many stages of tectonic events.
These tectonic events are associated to the putting in place of some folds and intrusive bodies into the Precambrian formations. The tectonic events have strongly aligned basement complex formations along a NE dominant direction.
Discussion
On the FVD map ( Figure 4 ) and HGM map ( Figure 5) , there are abundant regional lineaments mostly striking NE and NW. Several lineaments were identified and interpreted as possible dykes or faults and contacts or boundaries between formations due to normal faulting along the same directions or more extensive NE-SW faulting. The highlighted system of lineaments (Figure 8 ) can be divided into major and minor lineaments. Their trends follow the NNE-SSW, ENE-WSW, and WNW-ESE, NE-SW, NW-SE, and N-S and E-W directions.
Most of these directions correspond to the regional trends controlling the tectonic arrangement of the Pan African domain. And as shown by [34] , at regional scale, these lineament trends suggest that region is intensively affected by the reactivated Pan-African shear zones and transcurrent faults. In addition, the above mentioned trends are generally referred to as Brasiliano/Pan-African trends and are associated with the Brasiliano/Pan-African orogeny [35] . According to [36] , since the whole region displays a variety of rocks of various ages, it is therefore not surprising that the fracture network is related to different phases of tectonic activity.
The structural and tectonic analyses from aeromagnetic data indicate that the study area is intensively affected by faults, faulted folds, thrusts and dykes (Figure 8 ) following the directions mentioned above. Herein, some sets of faults and folds follow with predominant structural trends NW-SE and NE-SW directions, which are two major axis inherited from the different tectonic events occurred in whole region and affected the study area. At regional scale, these prominent trends constitute part of the regional configuration of the West and Central African rift system trending extensional basins taking up the strain caused by the NE to ENE oriented strike-slip motions emanating from the Gulf of Guinea [37] [38] .
In the study area, there is a regional vertical NE-SW trending foliation with some locally disturbed zones, probably related to late E-W strike-slip faults. Part of structural features or lineaments underlined could be result from an early D1 deformation. This phase corresponds to the tangential, collusion tectonics [39] [40]. D1 phase is responsible of the nappe stacking that was emplaced horizontally to form a classical fold and thrust belt [41] . It has been shown that the resulted foliation was progressively transposed by D2 deformation phase. In the structural map displayed as synthesis of the geophysical lineaments (Figure 8 ), NW events broadly intersected NE events. Hence, they account or correlate to the D2 deformation phase which is characterized by the development of tight and upright folds [19] . The folds related to the D2 deformation event are witnessed at the whole area scale by [42] , who state that these folds have antiformal and synformal structures with NE-SW axes.
Additionally the highlighted lineaments follow the NNE-SSW, WNW-ESE and ENE-WSW trends. These outputs correlate those from [11] . According to [11] , there are, including the NE-SW mainly pre-Tertiary extensional faults, normal synthetic tilted fault blocks, NNE-SSW antithetic normal faults associated with senestral wrenching, WNW-ESE normal faults. It is also observed ENE-WSW fault blocks associated with dextral transtensional movement of Borogo fault zone to the south, transpressional draped anticlines, transpressed basement blocks, with associated transtensional negative flower structures, and positive flower structures. The blending of these structural features is attributed to the importance of strike-slip deformation occurred in region, compared to the adjacent Central African Rift sub-System and West African Rift sub-System basins.
Geological studies claim the NE and NW structures being resulting from two deformations processes: the senestral shear followed by dextral shear; these occurred in the Pan African domain [18] [19] [43] . In addition, some lineaments highlighted by the study affect the basement; hence they could be the extensional effect of Godé-Gormaya shear zone (GGSZ). The N-S directed GGSZ is one of many generations of wrench zones in northern Cameroon cross-cutting earlier folds and foliation related to the thrusting and nappe refolding episodes [18] .
At the regional scale, the prominent NE trend put in evidence by the present study is in conformity with the trend of Cameroon Shear Zone (CSZ). The NE and NW lineaments from the study suggest the deformations affecting the study area prevailed as at scale of the NW Cameroon domain within which it is found, since the NW Cameroon domain is located between two of four extensional domains developed between the main rigid continental lithospheric blocks [44] . As stated in [44] , these domains are: 1) the Central African Rift System (CARS), extending from Sudan to the eastern part of the Benue Trough [45] and, 2) the West African Rift System (WARS), extending from the eastern part of the Benue Trough northward toward southern Libya [46] . In addition, [47] shown that the western central Africa rift system has suffered two rifting stages, namely during the Early Cretaceous, with NW-SE normal faulting, and during the Late Cretaceous, with NNW-SSE normal faulting associated with WNW-ESE left-lateral transcurrent fracturation. As resulted, these structural fabrics have played an important role in the formation of several geological structures and little sedimentary basins which took place during the late-orogenic shear zones, as reported by the current study.
Conclusion
In this work, two main analysis techniques were applied to aeromagnetic data to delineate the subsurface structures or to map the location of the magnetic source edges. The results revealed more prominent lineaments due to deep and shallow sources. The deep magnetic sources identified with the Phanerozoic sedimentary basement, while the shallow magnetic sources could be associated to near surface sources, probably magnetic rocks that intruded into the Phanerozoic sedi-mentary cover. The regional and local structures setting of the area are characterized by major faults and other structural elements mainly striking in the NE-SW, NW-SE, and E-W directions. Major magnetic lineaments trend in the NE-SW direction with minor ones trending in NW-SE, ENE-WSW, NNE-SSW, NNW-SSE and E-W direction. The NE-SW trend represents the dominant tectonic trend in the study area; it is in conformity with the trend of the Cameroon shear zone (CSZ). Several folds and faults discovered by the study have confirmed past studies (cite the authors of those studies) while others are inferred from the current investigation.
